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AHAS requires three cofactors for its catalytic activity, thiamine diphosphate (ThDP), flavin adenine dinucleotide (FAD), and divalent metal ions, Mg 2+ or Mn
2+
. AHAS has attracted much interest since it was demonstrated to be the target of several classes of modern and potent herbicides, including the sulfonylureas, 2,3 the imidazolinones, 4 and the triazolopyrimidines. 5, 6 AHAS activity is found in bacteria, yeast, and plants resulting from one or more isozymes. In bacteria, three AHAS isozymes have been studied extensively in term of their genetic regulation, kinetic properties, feedback regulation, and sensitivity to herbicidal inhibitors. [7] [8] [9] [10] Each of the isozymes exists as a tetramer composed of two large catalytic subunits (59-60 kDa) and two small regulatory subunits (9-17 kDa). 7 In contrast to the bacterial enzyme, the structure and biochemical properties of AHAS from eukaryotes have not been well characterized since purification of eukaryotic AHAS is severely hampered by its extreme instability and very low abundance. 25, 26 AHAS genes from Arabidopsis thaliana 11 and tobacco 12 have been functionally expressed in E. coli, and each of the enzymes has been purified. Various herbicide-resistant AHAS mutants from several plants have been obtained by spontaneous or induced mutation under field or laboratory conditions, and by site-directed mutagenesis (Summarized in Ref. 1) .
The AHAS reaction in the absence of 2-ketobutyrate requires two moles of pyruvate and it might be expected that the substrate saturation curve would be sigmoidal. However, in the AHAS reaction, CO 2 release intervenes between the binding of the first and second pyruvate. Unless a very high CO 2 concentration is present, this step will be irreversible and the substrate saturation curve would be hyperbolic. This prediction agrees with the findings of the majority studies and K m values in the range 1 to 20 mM are usually reported (summarized in 14 AHAS from Arabidopsis thaliana has also been reported to display negatively cooperative kinetics (0.6 Hill coefficient) with respect to pyruvate concentration and there appeared to a short lag time of 1-2 min before full activity of the enzyme was attained. 15 AHAS activated with regulatory subunit displayed a hyperbolic substrate saturation curve 23 indicating that reconstitution with the regulatory subunit abolished the negative cooperativity. Pyruvate saturation curves from tobacco recombinant AHAS displayed Michaelis-Menten 24 and non-Michaelis-Menten kinetics. 17 However, the credibility of these results is lowered because the authors used the discontinuous assay methods. 24 In contrast, several papers have reported positive cooperativity kinetics for various forms of AHAS. These include the enzyme from barley, 18 N. crassa, 19 the bacterial anabolic AHAS from L. lactis, 20 Serratia marcescens, 21 and M. aeolicu.. 22 Consequently, these differences of the kinetics might be due to different assay conditions and/or ignore the short lag time under higher substrate concentration. Since these earlier reports, there has been little additional work aimed at characterizing * To whom correspondence should be addressed. Tel: +82-2-2290-0946, Fax: +82-2-2299-0762, e-mail: myyoon@hanyang.ac.kr The assays were conducted as described in Figure 1 with the reaction mixture containing 50 mM MOPS (pH 8.0), 20 µM FAD, 1 mM ThDP, 10 mM MgCl2, 100 mM pyruvate. Concentrations of each cofactor were modified as indicated above.
the non-classical kinetics exhibited by AHAS or at examining the metabolic role and regulatory behavior of this enzyme. The question remains as to whether non-MichealisMenten kinetics might be a general feature of plant AHAS. We report here a lag time during the production of 2-acetolactate from pyruvate and cofactors that affects AHAS regulation.
A continuous assay based on the decrease in absorbance at 333 nm due to pyruvate (ε M = 17.5 M
) is approximately 1000-fold less sensitive than the discontinuous assay and is only suitable for purified enzymes that are available in large amounts. Nevertheless, it is the only assay that is reliable for studying the kinetics of herbicide inhibition and cofactor activation. 1 A lag in a reaction time course can be described 13 by the equation:
where v i and v f are the initial and final velocities, respectively, v t is the velocity at time t, and k is the rate constant for the transition. The lag times for each reaction are calculated by drawing tangents to the initial and final portions of the reaction time courses to determine v i and v f . The relaxation time for the transition from the initial to the final velocity is the point of intersection of these tangents. The reciprocal of this relaxation time is the apparent rate constant for the transition. A time lag was observed during subsequent studies with the native enzyme (Figure 1 ). This time lag has been observed to be 400 seconds at 40 mM pyruvate concentration before a linear, steady state rate was attained. A lag time was not exhibited without prior incubation with cofactors. To test whether this lag time is eliminated or not, AHAS concentration was increased for 50-200 µg. As AHAS concentration was increased 50, 100 and 200 µg, the lag time was decreased 280, 180 and 130 seconds, respectively. The lag time decreasing was not a linear relation to AHAS concentration, indicating that pyruvate or cofactors affect the lag time. As mentioned the above, the results from the pyruvate saturation curve would be expected to be hyperbolic (vide ante). The sigmoidal shape of the pyruvate saturation curve will indicate that the catalytic activity of this enzyme is regulated by pyruvate. AHAS in our study showed a sigmoidal dependence of catalytic activity on pyruvate concentration at pH 8.5 ( Figure 2 ). The K m for pyruvate was 6.39 ± 0.39 mM. When the data from the pyruvate saturation curve were fitted to a Hill plot, we observed a Hill coefficient of 1.58 ± 0.14, indicating that pyruvate is converted to acetolactate cooperatively. These results suggest that slow binding of pyruvate or ThDP and/or conformational changes may possibly account for the transient kinetics. We are presently pursuing these possibilities.
The lag time was also found to be dependent on substrate (pyruvate) and cofactor (ThDP, FAD, Mg +2 ) concentrations (see Table 1 ). Lower levels (non-saturating concentrations) of pyruvate, FAD, Mg 2+ resulted in longer lag times before the time course of the reaction became linear. Higher levels (saturating concentrations) of pyruvate, FAD, Mg 2+ tended to shorten lag times. Interestingly, lower levels of ThDP resulted in shortened lag times (260 sec) while higher concentrations (5 mM) of ThDP resulted in longer lag times (340 sec).
In detail, when the concentration of FAD varied in the reaction mixture over the range of 1-20 µM, the lag time decreased 490 to 330 seconds. The Kd obtained from FAD was 0.72 µM. The FAD at the saturated condition (over 99%) had about 0.67 fold lag time. Even at extremely high concentration (1 mM) of FAD, the lag phase in product formation was not eliminated entirely for AHAS. When the concentration of Mg 2+ varied in the reaction mixture over the range of 0.2-10 mM, the lag time decreased 400 to 250 seconds. The Kd obtained from Mg 2+ was 0.3 mM. The Mg
at the saturated condition (over 99%) had about 0.63 fold lag , the lag phase in product formation was also not eliminated entirely for AHAS. Interestingly, at the extreme conditions (over 99% saturation), both of FAD and Mg 2+ had decreased the same range of the lag time (0.63-0.67 fold). However, when the concentration of ThDP varied in the reaction mixture over the range of 0.1-5 mM, the lag time had a dramatic effect (260 to 400 sec) on the length of the lag phase. Even at high concentrations (5 mM) of ThDP, the lag phase in product formation was extended to 400 seconds. The K d obtained from ThDP was 0.29 mM. The ThDP at the saturated condition (over 95%) had about 1.5-fold lag time, indicating that ThDP in higher concentration might have inhibitory effects.
Further investigation revealed that the time lag was pH dependent with little lag observed between pH 6.5 and pH 7.5, while the relaxation time for attainment of the final steady-state rate increased longer at higher pH (Figure 3) . At lower pH (< pH 7.5) the time lag was revealed similar range (2-3 minute). At higher pH, with low concentrations of pyruvate and cofactors, a lag time as long as 30 minutes has been observed before a linear, steady-state rate was attained (data not shown). We also investigated whether the time lag is temperature dependence or not (Figure 4 Figure 1 , except that the pyruvate concentration was changed to 100 mM and the buffer was changed to Mops (pH 7.5).
